and those carried out by subsequent investigators, particularly during the early 1970s, identified four distinct genes involved with the catabolism of quinic acid and determined that these genes occurred in a tightly linked cluster, the qa gene cluster. Simultaneous biochemical studies established that three of the qa genes encoded inducible enzymes which catalyze the conversion of quinic acid to protocatechuic acid in N. crassa. These early studies also provided evidence for a presumptive regulatory gene controlling the synthesis of the three enzymes. During this period, based on the then available genetic and biochemical data, a hypothesis was proposed which postulated that the product of a positive regulatory gene, together with the inducer quinic acid, regulated expression of the qa enzymes (7, 21) .
The development of recombinant deoxyribonucleic acid (DNA) technology, which made possible the cloning of genes from various organisms into Escherichia coli plasmids, indicated clearly that the cloning of the qa gene cluster would permit a detailed analysis of the organization and regulation of this system at the molecular level. Fortunately, the initial cloning experiments to obtain expression of one of the qa genes in E. coli were successful (53) . In succeeding years, a great deal of progress has been made in the analysis of the qa cluster at the molecular level, resulting in a substantial revision of the original hypothesis concerning regulation in this system. Thus, it seems appropriate at this time to provide a review of prior research on the qa gene cluster and a summary of the present status of our continuing studies.
In retrospect, the detection of genes of N. crassa involved in the utilization of quinic acid as a carbon source can clearly be considered an example of serendipity. In the early 1960s, most of the research in our laboratory was concerned with the organization of another apparent gene cluster (on the basis of complementation and linkage studies) encoding five enzymes catalyzing reactions 2 to 6 in the aromatic biosynthetic pathway before the branch point compound chorismic acid (Fig. 1) . The five enzymes were clearly associated physically and appeared to constitute a multienzyme aggregate (22) . Studies with the very large number of available mutants lacking one or more of these five enzyme activities established four classes of mutants lacking only one of the five activities. However, no mutants were obtained which lacked only activity for biosynthetic dehydroquinase (B-DHQase), which converts 5-dehydroquinate (DHQ) to 5-dehydroshikimate (DHS). On the other hand, large numbers of mutants were obtained which were pleiotropically negative types, lacking all five of the aromatic enzyme activities, including B-DHQase. Many of these are the result of nonsense mutations in what was initially considered to be the proximal gene, which encodes the enzyme dehydroquinate synthetase, in a five-gene cluster (5) . These results clearly indicated that this apparent gene cluster must encode the B-DHQase activity, and thus there had to be some explanation for the absence of the expected class of mutants lacking only B-DHQase activity. One possibility appeared to be that N. crassa might produce two distinct DHQases: (i) the constitutive biosynthetic activity; and (ii) an inducible activity, resulting from the internal accumulation of DHQ. This was shown to be the case by Giles et al. (23) .
Subsequent studies by Rines ET AL. crosses to the wild type, were also shown to be capable of synthesizing all five constitutive aromatic biosynthetic activities, as expected. The qa-J mutant lacking inducible catabolic DHQase (C-DHQase) was then used in experiments which recovered the class of expected mutants lacking only B-DHQase activity. As anticipated, these mutations (arom-9) mapped within the arom gene cluster (43) . Thus, experiments undertaken to explain the absence of an expected class of mutations in the arom gene cluster led to the unanticipated detection of a new category of interesting mutations in N. crassa involved in the induced catabolism of quinic acid as a carbon source-a clear case of serendipity.
Subsequent studies of the apparent arom gene cluster and its product, the apparent arom multienzyme aggregate, have led to the conclusion that this region actually constitutes a single cluster gene which encodes a pentafunctional polypeptide chain. Two of these polypeptide chains are present in the active wild-type enzyme (16, 34) . All of the more recent biochemical evidence is completely compatible with the earlier genetic studies establishing the organization of this interesting region of the Neurospora genome (18) . Additional studies by Welch and Gaertner (55) also support the hypothesis originally proposed by Giles et After the fortuitous detection of a single qa-l mutant unable to utilize quinic acid as a carbon source, Rines performed filtration enrichment experiments with minimal medium to obtain a large number of similar mutants, using an arom-9 single mutant which had been induced as a double mutation (qa-J arom-9) in the original single qa-J mutant (Rines, Ph.D. thesis). arom-9 mutants (which lack BDHQase) can grow in the absence of a polyaromatic supplement because C-DHQase, which is induced by the accumulation of DHQ in such mutants, is able to replace the missing B-DHQase in the aromatic biosynthetic pathway. Thus, arom-9 mutants could be used to select double mutants (polyaromatic auxotrophs) lacking C-DHQase as well as B-DHQase. Complementation analysis with the original qa-J mutant distinguished two categories of such mutants: qa-J mutants, which were shown by biochemical assays to be pleiotropically negative types lacking activity for all three inducible enzyme activities required to convert quinic (or shikimic) acid to protocatechuic acid; and qa-2 mutants, which lack activity for C-DHQase only (Fig. 1) . Subsequent experiments by Chaleff (13) with mutants originally isolated by Case in filtration enrichment experiments on quinic acid as the sole carbon source resulted in the characterization of two additional categories of qa mutants: qa-3 mutants, which lack both quinic acid dehydrogenase (QDHase) and shikimic acid dehydrogenase (SDHase); and qa4 mutants, which lack DHS dehydratase (DHS-Dase) (Fig. 1) .
These mutant types could not be recovered in the original filtration-enrichment experiments on minimal medium, using an arom-9 mutant, since such experiments detect only mutants lacking C-DHQase activity. Although all qa-J mutations complemented rapidly in heterokaryons containing unrelated mutant genes, e.g., pan-2 mutants, the qa-J mutations could be divided into two clear-cut categories, slow and fast types, on the basis of the rapidity of their complementation responses with qa-2 mutations as well as with qa-3 and qa4 mutations. Furthermore, Rines provided preliminary evidence that the two categories of qa-l mutations mapped genetically in distinct regions of the qa-J locus. The studies of both Rines and Chaleff also established that all four mutations were tightly linked, comprising the qa gene cluster on the right arm of linkage group VII. A definitive order for the four genes, i.e., qa-J-+qa-3-+qa4--->qa-2, was established by Case and Giles (8) .
Valone et al. (52) obtained the first constitutive mutants (qa-Jc), i.e., mutants producing high levels of all three qa enzymes in the absence of an inducer, as "reversions" of qa-J mutants now able to grow on quinic acid as a carbon source. These could be induced in slow-, but not in fastcomplementing qa-J mutants, and at least some appeared to be semidominant to the wild type in heterokaryons grown in the absence of an inducer. Rines provided the first evidence that the three enzymes encoded in the qa gene cluster could be separated physically by sucrose density centrifugation. These three enzymes were later purified, characterized in more detail, and partially sequenced (3, 19, 26, 28, 49) . Chaleff (14) demonstrated that the three qa activities are coordinately induced.
On the basis of these and related studies, Giles et al. (21) and Case and Giles (7) proposed that regulation in the qa gene cluster involved the action of a single multimeric activator protein (qa-J) containing two distinct functional domains. Their conclusions were based on evidence for apparent allelic complementation between certain qa-l mutations and the apparent dominance of certain qa-JC mutants in forced heterokaryons with the wild type (qa-l+) grown in the absence of an inducer. In this hypothesis, the activator domain defined by qa-JF mutations interacted with the inducer, while the domain defined by qa-JS mutations interacted with initiator (promoter) sites adjacent to each of the three structural genes to facilitate transcription. Constitutive (qa-Jc) mutants were considered to produce activator proteins capable of initiating transcription in the absence of the inducer because the usual allosteric transitions assumed to be produced by inducer binding were no longer required.
Major advances in the analysis of the qa gene cluster at the molecular level became possible with the cloning and expression of the qa-2+ gene in E. coli (53) . In the initial cloning experiments, the presence of the qa-3 and qa4 genes could not be detected on the basis of their expression in E. coli. (No test was available for the qa-l+ gene.) However, after larger segments of DNA containing the qa-2+ gene and flanking segments were cloned by the cosmid technique (15) , the newly developed transformation procedure for N. crassa (12) could be used to demonstrate that the entire qa gene cluster had been cloned and to localize the three other qa genes (45, 46) . Additional transformation experiments (29) produced the first evidence for the existence of two regulatory genes, corresponding to the original two presumptive regions of the qa-J gene, now redesignated qa-lF and qa-JS.
The initial conclusions based on transformation experiments have been substantiated by the further demonstration that the qa-JF and qa-JS genes produce separate messenger ribonucleic acids (mRNAs), as well as by their further characterization at the DNA sequence level. DNA-RNA hybridization studies have established that regulation in the qa gene cluster is primarily at the level of transcription (39) . These studies also indicated that the products of both the (M204 and M239 ) produces a C-DHQase activity much more thermolabile than that of the wild type. These observations supported the view confirmed in later studies that qa-2 is the structural gene for C-DHQase and that this enzyme is a multimeric protein. A fine-structure genetic map derived from crossing analyses of qa-2 alleles, as well as complementation maps based on heterokaryon tests, were constructed by Case et al. (10) . From crosses involving 19 qa-2 mutants, a minimum of nine separable mutation sites within the qa-2 gene were detected. Two mutations (M201 and M251) mapped as multisite mutations. A general colinearity was found between the genetic and complementation maps. The ability of qa-2 alleles to revert, either spontaneously or after ultraviolet treatment, was tested. Five of eight complementing mutations reverted, as did about one-half of the noncomplementing mutations. Extensive tests of eight noncomplementing and three complementing mutants failed to produce any evidence for nonsense suppressors affecting qa-2 mutations.
(ii) qa-3. Chaleff (13) demonstrated that qa-3 mutants lack both QDHase (quinate:NAD+ oxidoreductase, EC 1.1.1.24) and SDHase activities. One qa-3 revertant produced both QDHase and SDHase activities more thermolabile than the corresponding wild-type activities. These results provided genetic and biochemical evidence that the qa-3 locus encodes a single bifunctional enzyme which catalyzes the dehydrogenation of both quinate and shikimate, as first proposed by Rines. Genetic, complementation, and reversion studies were performed with 26 qa-3 mutants by Case et al. (11) . A fine-structure genetic map detected a minimum of 11 separable mutational sites within the qa-3 gene. Mutational sites within the qa-3 gene could be ordered relative to other adjacent qa genes (qa-J and qa4) by crosses of triple mutants of the composition qa-3 qa4 qa-2 to a qa-JS mutant (M124). The results indicated that the orientation of the qa-3 gene with respect to the other qa genes is qa-JS qa-3 allele 336-3-10 (located at the "left" end of the qa-3 gene), qa-3 alleles 336-3-3 and 336-3-7 (located at the "right" end of the qa-3 gene), qa4, and qa-2. All tests for allelic complementation between qa-3 mutants, including pseudo-wild-type formation, were negative, in agreement with biochemical data indicating that QDHase exists as a monomer (3). All 26 qa-3 mutants were tested for their ability to revert after ultraviolet irradiation. Revertants were obtained from 14 of the 26 mutants. On the basis of reversion frequencies and the genetic characterization of revertants, qa-3 mutants could be classified into three general categories: (i) stable mutants; (ii) mutants which revert either by a change at the same site as the original mutation or at a second site within the qa-3 gene (these two types are currently indistinguishable genetically); and (iii) one mutant (336-3-7) that is phenotypically suppressed by a mutation outside the qa-3 gene. In the latter case, conclusive evidence that this mutant contains a nonsense codon was not obtained. Certain mutants yielded revertants producing a thermolabile QDHase in vitro. The significance of these results will be discussed below.
(iii) qa4. Chaleff (13) tural genes were initially identified on the basis of DNA-RNA hybridization studies utilizing cloned qa DNA (39) (discussed in more detail below). These results were confirmed by subsequent DNA sequence data. These two genes encode quinic acid-inducible polyadenylated RNAs which are distinct from those encoded by qa-2, qa-3, qa4, and the two regulatory genes. The cloned DNAs which hybridize to these RNAs do not transform any known qa mutants. It may be premature to speculate on the functions of the qa-x and qa-y genes. However, indirect evidence has been obtained for a permease in N. crassa involved with the uptake of quinic acid (H. Rines, Genetics 74:s230, 1973) . Experiments with radioactive quinate (and shikimate) indicate that qa-ISc qa-JF+ mutants take up inducer molecules much more rapidly than does the wild type, which takes up inducer molecules at a rate comparable to that of qa-JSc qa-JF+ mutants only after a considerable lag. For both qa-JSc qa-JF' and qa-JS+ qa-JF+ (wild type) strains, uptake of an inducer is inhibited in the presence of glucose. qa-1S-qa-JF+ and qa-JS+ qa-1F-strains fail to take up significant amounts of inducer (in either the absence or presence of glucose). These overall results imply that a permease involved in quinic acid uptake exists in N. crassa and that its synthesis is regulated, presumably at the level of transcription, by the qa-JS and qa-JF genes in the qa gene cluster. Such a permease might be encoded by either qa-x or qa-y. Since the majority of qa permeaseless mutants might well be leaky, the failure to recover such mutants in filtration enrichment experiments with quinic acid may not be surprising. Other methods to recover qa permeaseless mutants are being tested.
Even less evidence exists to suggest a role for the second qa structural gene of unknown function. However, there is evidence that in higher plant species on which N. crassa grows as a saprophyte, quinic acid exists primarily as the caffeic acid ester chlorogenic acid. An enzyme has been identified which catalyzes the conversion of chlorogenic acid to quinic acid and caffeic acid (42) . Thus, it seems probable that N. crassa possesses an inducible enzyme capable of hydrolyzing chlorogenic acid and that this enzyme may be encoded in either the qa-x or qa-y gene. This possibility is being explored experimentally.
Regulatory genes. As indicated above, initial studies of mutants in the qa gene cluster were interpreted as indicating the presence of a single, positively acting, regulatory gene containing two functionally distinct regions (7, 21) . However, recent transformation and DNA-RNA hybridization experiments with cloned qa DNA have provided clear evidence for the presence of two distinct regulatory genes (29) . The possibility that the qa-J "domains" might actually be two separate genes had already been suggested by C. Scazzocchio (personal communication).
(i) qa-JF. The qa-JF activator-encoding gene is defined genetically by a single major class of recessive mutations (qa-lF-) which are noninducible for all three qa enzyme activities and which map within the most distal (right-hand) region of the qa gene cluster (7), corresponding to a single gene on the basis of molecular analysis (29 (ii) qa-lS. The qa-lS repressor-encoding gene is defined genetically by two principal classes of mutants. qa-JSmutants are noninducible for all three qa enzyme activities. Seven qa-JS-mutants were selected by Rines after mutagenesis of an arom-9 mutant by filtration enrichment on minimal medium. qa-1S-mutants are distinguished from qa-JF-mutants in being partially to almost completely dominant to qa-lS+; i.e., they are slow-complementing types when grown on minimal medium (all qa mutants isolated by Rines were also arom-9-) in heterokaryons with qa structural gene mutations but are fast-complementing types in heterokaryons with mutations in totally unrelated genes (see below).
Constitutive (qa-JSC) mutants, which produce high levels of all three qa enzymes in the absence of any inducer, were first obtained as revertants, which are now able to grow on quinic acid, from certain noninducible qa mutants (52) . Large numbers of constitutive mutants were obtained after ultraviolet treatment of conidia from 4 slow-complementing qa-1S-mutants, but none in comparable experiments with 10 fast-complementing qa-1F-mutants. These constitutive mutants mapped approximately to the qa-J region and produced a C-DHQase indistinguishable on the basis of thermolability tests from that of the wild type. Subsequent tests indicated that all qa-JS-mutants can "revert" to constitutivity. Partridge et al. (38) used a color test to select seven qa lSc mutants after ultraviolet irradiation of the wild type. All seven mutations mapped approximately to the qa-J region, suggesting that the regulation of the synthesis of the three qa enzymes is under the control of this region only. 
Rapid a Complementation responses were classified on the basis of relative hyphal growth rates on minimal agar plates compared with that of the will type. (All qa mutant strains contained an arom-9-allele.) Forced heterokaryons were made by using complementing pan-2 alleles (7).
Partridge et al. (38) calculated that the average apparent rate of induction of mutation to qa-JSc from qa-lS+ was 7.3 x l0o-per viable conidium. Although it is difficult to make direct comparisons between these direct plating experiments and ones involving filtration enrichment experiments which recover qa-1S-mutants, rough calculations based on the data of Rines (Ph.D. thesis) and Case and Giles (unpublished data) suggest that qa-JSc mutants are probably induced in the wild type with a much higher frequency, perhaps 10-fold higher, than are qa-1S-mutants. The question of the dominance or recessiveness of both qa-JS mutant types will be discussed in detail below. Genetic mapping data indicate that the qa-JS gene is located to the left of and adjacent to the qa-lF gene (7) . The seven qa-lS-mutations which have been mapped occur at seven distinct sites, and none has been shown to contain a nonsense mutation (7) . Since qa-lS-mutations are semidominant, presumably they should not exhibit allelic complementation. The genetic basis for the earlier observation originally interpreted as allelic complementation between a qa-1S-and a qa-JF-mutation (7) has not been clarified.
All qa-1S-mutations could revert to constitutivity after ultraviolet treatment (see below). Two qa-1S-mutants (M105 and M190) exhibited an intwresting temperature sensitivity, showing little or no growth at 25°C on quinic acid, but appreciable growth at 35°C on quinic acid. At 25°C, both mutants had very low levels of C-DHQase, and only slight induction occurred after a shift to quinic acid. At 35°C, however, both mutants produced high levels of C-DHQase in the absence of an inducer and exhibited relatively little induction. Thus, these two mutants behaved as qa-JSmutants at 25°C but as qa-lSc mutants at 35°C. These mutants are discussed further below. Mapping data appear to localize these two mutations to the right of the nontemperature-sensitive qa-JS mutations (7) . Since the qa-JSc mutations produced directly from the wild type were not temperature sensitive, these could not be mapped by conventional selection procedures.
Recent evidence indicating that qa-JF and qa-JS are two separate genes (29) , together with prior evidence on the phenotypes, complementation behavior (including dominance relationships), genetic mapping, and relative frequencies of the two principal categories of qa-JS mutations have led to the hypothesis that the qa-JS gene encodes a repressor. On this view, qa-JSc (recessive and constitutive) mutants produce inactive repressors, while qa-1S-(dominant and noninducible) mutants produce superrepressors. The presumptive mode of action of the repressor in qa regulation is discussed below.
(iii) Dominance relationships of qa-JS and qa-JF mutations. The dominance or recessiveness of qa-lS and qa-lF mutations has been examined in heterokaryons with various other mutants (Rines, Ph.D. thesis). Since stable diploid heterozygotes of N. crassa cannot be obtained, heterokaryon studies used grQwth on minimal medium (the same arom-9-allele present in all qa mutants) in comparison with that of the wild type as a measure of complementation (i.e., dominance or recessiveness). In heterokaryons involving unrelated mutations (e.g., pan-2 or his-3), both qa-JS and qa-lF mutations behaved as recessive. However, the results with heterokaryons involving other qa mutations suggested that the qa-1S-product, the postulated superrepressor, was at least partially nucleus limited in its action, presumably being produced at a very low level. For example, forced heterokaryons of the composition (qa-1S-qa-2+)I(qa-JS+ qa-2-) grew slowly, while forced heterokaryons of the composition (qa-JS-qa-2+)I(qa-1S+ qa-2+) grew rapidly on minimal medium. On the basis of these growth tests, qa-1S-can be considered to be basically cis dominant and trans recessive in its regulatory nuclear action, whereas qa-JFcan be considered both cis and trans recessive ( Table 1) .
qa enzyme assay data support, but also modify somewhat, the conclusions based on growth tests (Rines, Ph.D. thesis). The results of these assays for C-DHQase and QDHase levels in forced heterokaryons of his-3-or pan-2-strains (both qa-JS+ qa-JF+) with different qa-JS, qa-JF, and qa-2 mutations are shown in Table 2 . These results indicate that the levels of these two enzymes are much lower in heterokaryons involving qa-IS than in those involving qa-JF or qa-2 mutations. Thus, even though heterokaryons of the composition (qa-1S-qa-2+)I(qa-lS+ qa-2+) grew rapidly on minimal medium (Table 1) , their enzyme levels ( Table, 2) suggest that the qa-JS-gene product is acting as a superrepressor partially in trans as well as in cis, although its action in trans is clearly not as strong as that in cis presumably because of the limited level of production, stability, or diffusibility of the postulated superrepressor. Further evidence concerning the level of the qa-JS gene product is presented below. a In all mutant strains, e.g., his-3-, all other genes were wild type. Samples were grown as standing cultures on minimal medium containing 0.3% sucrose and 0.2% quimic acid for 58 to 78 h at 25°C. b Since all qa strains contained an arom-9-allele and were thus polyaromatic auxotrophs, growth on minimal medium constituted forcing conditions for heterokaryon formation.
Samples were extracted in 0.1 M tris hydroxymethyl aminomethane hydrochloride (pH 7.4) with 1 mM ethylenediaminetetraacetate and 1 mM athioglycerol. Specific activities were determined from 0 to 50% (NH4)2SO4 fractions of these extracts and are given as nanomoles per minute per milligram of protein.
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In contrast to qa-JS mutants, the induced qa enzyme levels in forced heterokaryons ofthe type (qa-1F-qa-2+)/(qa-IF+ qa-2+) are quite comparable to those in the induced wild type, suggesting that the qa-JF+ product, the presumptive activator, acts equally well in trans and in cis (Tables 1 and   2 ).
(iv) Dominance relationships of qa-JSC: evidence that the qa-JS+ product is a repressor. If the qa-JS+ product is an active repressor and the qa-lSC product is an inactive repressor, then the simplest initial prediction would appear to be that a qa-JS+ allele should be dominant to a qa-JSc allele in heterokaryons. However, this prediction does not take into account the evidence that the qa-JS+ product is largely nucleus limited in its action.
In initial experiments (52), three independently derived qa-JSc mutants were tested for dominance in heterokaryons of the general composition (qa-JS+ qa-2+)I(qa-JSc qa-2+). Each nucleus also contained one member of a pair of complementing pan-2 alleles to force growth of the heterokaryon on minimnal sucrose in the absence of quinic acid (and of pantothenic acid). Such heterokaryons were then tested for their levels of C-DHQase when grown in the absence of inducer. The results indicated that one of the three qa lSc alleles was essentially recessive to qa-JS+, with the mutant having a level of C-DHQase only 5% of that of the parental qa JSc strain grown in the absence of an inducer. This result suggests very strongly that a qa JSc allele can be dominated in its action, even in its own nucleus, by a qa-1S+ allele in another nucleus, indicating that, despite its largely nuclets limited action, qa-JS+ can be dominant to a qa-JSc allele in another nucleus.
All heterokaryon tests have potential problems because of variations in nuclear ratios, despite the fact that in the experiments cited specific efforts were made to maintain 1:1 nuclear ratios by employing complementing pan-2 alleles. This complication may explain the apparent partial dominance of another qa-JSc allele in a heterokaryon which had a level of C-DHQase 57% of that of the parental qa-lSc strain (52 and thus that qa-JSc qa-JF-double mutants are presumably noninducible. This conclusion is supported by the evidence that it is possible to induce from constitutive mutants (initially selected as revertants in slow-complementing [semidomninant] noninducible qa-lS mutants) additional fastcomplementing (recessive) noniriducible strains (7). Presumably, these events involve the induction, first, of double mutations (qa-JS-qa JSc qa-JF+) in the qa-JS gene and, second, of triple mutations (qa-1S-qa-JSc qa-1F-), the third mutation occurring in the qa-JF gene. Thus, qa-1F-is epistatic to both qa-1S-and qa-JSc, as would be expected of a mutation defective in activator function, while qa-JSc is epistatic to qa-lS-and qa-JF+, as would also be expected of a repressor mutation defective in its repressor target function. The qa-JSc mutations induced in qa-IS mutants presumably result from secohd-site mutations in the qa-JS gene region (defined by qa-JSc mutations) encoding the repressor target sequence of the qa-IS gene product (the repressor). The resulting double mutants (qa-1S-qa-JSC) defective in both inducer-(qa-lS-) and repressor target-binding (qa-JSc) sites are expected to be constitutive in phenotype, as observed, and to be hypostatic to qa-JF-, as is also the case.
(Further evidence concerning such mutants is presented below.) It should be possible to obtain qa-lS-qa-lF+ mutants from such qa-lS-qa-JSc double mutants primarily, if not exclusively, by back mutation of the second-site mutational change producing the constitutive phenotype; this event should be rare, compared with qa-JF-forward mutational events, which could occur at numerous different sites. No mutants having a qa-1S-qa-1F' phenotype have yet been obtained from qa-lS-qa-JSc qa-JF' mutants.
In these mutation studies, no evidence has been obtained for the occurrence of constitutive mutations in the qa-JF gene. The possible occurrence and significance of such mutants are discussed below. A summary of the genotypes and phenotypes of single and multiple qa regulatory mutants is presented in Table 3. qa Gene Products: Biochemical and Molecular Studies qa Enzyme induction. Rines performed the first experiments on induction of the qa enzymes in N. crassa and determined that induction can involve up to a 1,000-fold increase in C-DHQase activity over an essentially undetect- Properties of the three known qa enzymes. Rines provided the first characterization of the three qa enzymes, demonstrating by sucrose density gradient centrifugation that the three enzymes were not physically associated, in contrast to the situation with the five arom activities studied previously in our laboratory. His experiments also provided preliminary molecular weight estimates for these enzymes. More precise data on the molecular Weights of the three different polypeptides have come from later molecular studies.
(i) C-DHQase. C-DHQase (encoded by the qa-2+ gene) was further characterized in studies of the purified enzyme from the wild type, certain qa-2 mutants, and other mutants with mutations in other genes (qa-Jc and qa-3-) of the qa cluster (10, 26, 30) . These studies concluded that the purified wild-type enzyme possesses several unusual structural, physical, and biochemical properties, e.g., a very high specific activity, a high degree of stability in the presence of a variety of denaturing conditions (including high temperatures) and reagents, and a polymeric structure with a molecular weight of ca. 220,000. Studies with three qa-2 mutants suggested that two mutants (M237 and M239) have mutations near the catalytic site which markedly reduce their C-DHQase activity but have little or no influence on the formation of the native multimeric structure. In contrast, qa-2 mutant M204 apparently has a mutation that severely inhibits aggregation and may have only a minor effect on the inherent potential for catalytic conversion at the reaction site. C-DHQase purified from either qa-3 or qa-Jc mutants was identical to that purified from the wild type on the basis of a large number of criteria, including antigenic properties. These overall results demonstrated that the qa-J + gene product is not involved in the posttranslational expression of C-DHQase enzyme activity and that neither the inducer (quinic acid) nor other enzymes encoded by the qa gene cluster are necessary for the expression of C-DHQase activity.
The cloning of the qa-2 gene (53) made possible a molecular analysis of this gene by S1 nuclease mapping and DNA sequencing (2; N. K. Alton et al., unpublished data). These data could then be compared with the presumptive Nterminal amino acid sequence data for C-DHQase from wild-type N. crassa and from E. coli carrying an expressed qa-2 gene (28) to localize the coding region for the qa-2 gene. The results indicated that the amino acid sequence of the protein purified from E. coli represents the true N terminus, whereas the sequence derived from the protein purified from N. crassa represents mholecules truncated predominantly around amino acid position 88. These overall results indicate that the C-DHQase polypeptide contains 173 amino acids and has a molecular weight of 18,270. Thus, the C-DHQase enzyme is composed of 12 identical subunits. (The conclusion from earlier studies [26] that the C-DHQase protein was composed of ca. 22 identical subunits of ca. 10,000 daltons apparently resulted from the degradation of the C-DHQase polypeptides in a proline-rich region between residues 72 to 79 during the extensive heat treatment used to solubilize and denature the enzyme in sodium dodecyl sulfate.)
(ii) QDHase. QDHase (encoded by the qa-3+ gene) was characterized further by Barea and Giles (3) . Their studies indicated that this bifunctional enzyme is a monomer, has only one binding site for both substrates, and exists as three different charged species. The enzyme was found to be specifically protected from thermal inactivation by substrates and cofactors, as well as by high ionic strength. The QDHase activities produced by revertants with various qa-3 alleles have been characterized both quantitatively and qualitatively (11) . Most revertants have a thermostable QDHase activity either equivalent to or lower than that of the wild type, while a few have a thermolabile activity either equivalent to or lower than that of the wild type. Of particular interest are revertants of two mutants (330-M33 and 335-M160) with mutations that are located in the same region on the genetic map. Both these mutants revert by producing a QDHase enzyme that is thermolabile in vitro and is protected by the addition of quinate or shikimate during heating. This stabilization suggests that these mutations may be located in the substrate binding region of the enzyme.
Partial N-terminal amino acid sequence data (48) together with S1 nuclease mapping and DNA sequence data Partial N-terminal amino acid sequence data (19) togethdr with S1 nuclease mapping and DNA sequence data (44) indicate an amino acid number of 359 and a molecular weight of 40,500 for the DHS-Dase polypeptide. (The molecular weight originally determined [49] for the DHS-Dase monomer was 37,000.)
Molecular evidence concerning products of other qa genes.
As indicated previously, genetic evidence suggests that the qa-JS gene encodes a repressor, while the qa-JF gene encodes an activator. S1 nuclease mapping and DNA sequence data (R. L. Huiet Interrelationships of the inducible catabolic quinic acid and constitutive biosynthetic polyaromatic pathways. The initial studies described in the Introduction indicated a striking interrelationship between the constitutive polyaromatic biosynthetic pathway and the inducible quinic acid catabolic pathway, based on the evidence that C-DHQase can substitute very effectively for B-DHQase in arom-9-qa-2+ mutants lacking the latter activity. Subsequent studies have shown that the reverse is also true, at least to a limited extent, since qa-2-arom-9+ mutants can apparently grow at a much reduced rate (and for a limited period of time only) on quinic acid as the sole carbon source (20) .
Evidence for another interesting interrelationship between the two pathways came from studies of a frequent class of revertants to prototrophy in arom-J mutants which lack DHS-reductase activity in the biosynthetic pathway. Combined genetical and biochemical studies demonstrated (9) that such arom-1 revertants are actually the result of mutations in the qa4+ gene (which encodes DHS-Dase in the catabolic pathway) to qa4-alleles. The resulting loss in DHS-Dase activity causes a greater accumulation of DHS in the resulting double mutants. As a result, SDHase encoded in the qa-3+ gene is able to substitute for DHS-reductase and convert DHS to shikimate, thus permitting the double mutants (arom-l-qa4-), which lack both DHS-reductase and DHS-Dase activities, to grow on a minimal medium without the polyaromatic supplement normally required by arom-J mutants (Fig. 1) . In this situation, a mutation leading to the loss of a biochemically distinct second enzyme activity acts as a special type of suppressor mutation, not by restoring the first activity, as is true of nonsense suppressor mutations, but by causing the enzyme activity originally missing to be replaced by a catalytically related but otherwise physically distinct enzyme encoded by an unlinked gene.
Especially strong support for the interpretation just presented comes from reversion studies with other mutants in the arom gene cluster. In addition to arom-1, the only other auxotrophic arom mutants which yield prototrophic revertants of the suppressor type (qa4 double mutants) are the pleiotropic aromA-C mutants which lack both DHSreductase and B-DHQase activities (9, 22) . In aromA-C qa-4-double mutants, the qa-4 mutation results in prototrophy since the excess accumulation of DHQ (or DHS or both) leads to the induction of both C-DHQase, which substitutes for B-DHQase (see above), and SDHase, which substitutes for DHS-reductase. In these remarkable double mutants (which lack three distinct enzyme activities) two biosynthetic enzymes are substituted for by their analogous catabolic enzymes, although growth is considerably less than in comparable arom-9-and arom-l-qa4-strains. It should be pointed out that the selection of spontaneous or induced suppressors of arom-J mutants provides a simple procedure to obtain large numbers of qa4 mutants of independent origin. CLONING THE qa GENE CLUSTER Cloning and Expression of the qa-2+ Gene in E. coli. When recombinant DNA technology became available, experiments were initiated to clone the qa gene cluster.
Since previous evidence had shown that in N. crassa CDHQase (encoded by the qa-2+ gene) could substitute for B-DHQase (encoded by the arom-9 region of the arom cluster gene), a decision was made to attempt to clone the qa-2+ gene by selecting for its expression in JE. coli. The experiments were based on the expectation that a cloned qa-2+ gene, if expressed, should complement an E. coli aroD mutant, which lacks B-DHQase. (E. coli does not have any of the quinate-utilizing enzymes.)
The cloning experiments, in which a constitutively expressed qa-2+ gene was used, were successful (2, 53), demonstrating that the N. crassa qa-2+ gene is expressed in E. coli and produces a C-DHQase which is identical, in all properties tested, to the N. crassa C-DHQase and very different from the E. coli B-DHQase for which it can substitute. Additional cloning experiments with DNA isolated from inducible (qa-JS+ qa-JF+), constitutive (qa JSc qa-JF+), and noninducible (qa-JS-and qa-1F-) strains established that expression of the qa-2+ gene in E. coli is completely independent of the mutational states of the two regulatory genes. Thus, expression of qa-2' in E. coli is constitutive and does not require the qa-JF+ activator protein (27) . Experiments on transcription and translation in E. coli of hybrid plasmids containing the qa-2+ gene demonstrated that transcription is initiated in E. coli from a site on the cloned N. crassa DNA and that the resulting C-DHQase mRNA is efficiently and accurately translated (2) .
Subsequent DNA sequence data for the qa-2 mRNA leader sequence (1; Alton et al., unpublished data) from the cloned qa-2+ gene established the presence of a sequence, GAGGT, complementary to the 3' end of the 16S mRNA of E. coli and located 11 to 15 nucleotides before the ATG translation initiation codon of the qa-2+ gene. This sequence is presumably important for the expression of the qa-2+ gene in E. coli since subclones that disrupt this sequence fail to complement the E. coli aroD mutation. Moreover, it appears that the conditions for complementation require only low basal levels of qa-2 transcription and minimal homology to the Shine-Dalgarno ribosome interaction sequence, suggesting that C-DHQase is a highly stable enzyme in E. coli (Alton et al., unpublished data).
Cloning, Identification, and Localization of Other qa
Genes by Transformation of N. crassa When experimental evidence was obtained that the qa-2 gene is expressed in E. coli, tests were performed to determine whether the other two qa genes encoding enzymes are expressed from the same cloned DNA. All tests were negative. Thus, it appeared that the other two qa genes were either not expressed or were not present along with the qa-2+ gene. Consequently, larger segments of DNA flanking the qa-2+ gene were cloned by using the cosmid technique (15) . With this procedure, a total of ca. 42 kb of N. crassa DNA centered around the qa-2+ gene was obtained. This DNA was then used in the newly developed transformation system for N. crassa (12) to demonstrate that the complete qa gene cluster had been cloned and to define the locations of the four then known qa genes (46) . Subsequent transformation experiments indicated that the qa-J regulatory region consisted of two separate genes (29) .
Structural genes. Subclones from the 42 kb of cloned DNA centered around the qa-2+ gene were used in transformation experiments employing appropriate recipient strains to localize the three known qa structural genes encoding enzymes. These experiments (45, 46) were successful in local- izing the three known structural genes and established that their order (qa-2---qa4--qa-3) was in agreement with that previously determined genetically (8) (Fig. 2) .
Regulatory genes. Initial transformation studies (45, 46) were conducted with a stable, fast-complementing qa-JF (formerly qa-JF) mutant (M158) as a recipient since all slow-complementing qa-JS (formerly qa-1s) mutants were unstable and reverted to constitutivity at a low spontaneous rate. These experiments served to localize the qa-J region to the right of qa-3 ( Fig. 2) , in agreement with previous genetic mapping data (8) . However, subsequent transformation experiments (29) demonstrated that it was possible to utilize slow-complementing qa-JS mutants as recipients, since their transformation rates significantly exceeded their reversion rates. These experiments demonstrated that certain subclones in the qa region could transform qa-JF but not qa-JS mutants, while others could transform qa-JS but not qa-JF mutants. These results suggested that the qa-J region consisted of two separate genes, a fact subsequently demonstrated by mRNA evidence and DNA sequence data (discussed below). Furthermore, the order of the two regulatory genes (qa-3--+qa-JS--qa-lF) agreed with the previous order established by genetic mapping data (7, 8) for the corresponding S and F domains of the qa-l gene and for the adjacent qa structural genes (29) (Fig. 2) .
MOLECULAR STUDIES OF THE CLONED qa GENE CLUSTER
The cloning of the entire qa gene cluster permitted the first definitive studies on the organization and regulation of the qa system at the molecular level. However, certain prior studies had provided preliminary evidence concerning genetic regulatory mechanisms in this system. Experiments with density labeling with deuterium oxide demonstrated conclusively that the qa enzymes in the wild type are synthesized de novo only during induction on quinic acid (40) . These results ruled out the possibility that the qa-lF activator protein simply activated preformed polypeptides derived from the three structural genes. Studies were also performed with an in vitro protein-synthesizing system (rabbit reticulocyte) programmed with total polyadenylated mRNA from the wild type and from various qa mutants (41) . In these experiments, the products of two of the qa genes, QDHase (qa-3+) and DHS-Dase (qa4+), were identified by specific immunoprecipitation and resolution on sodium dodecyl sulfate gels. The results indicated that for both genes induction of a specific enzyme activity by quinic acid depends on the de novo synthesis of a specific polypeptide and on the de novo appearance of a specific mRNA detectable by the in vitro translation assay. Furthermore, the results also showed that the appearance of this mRNA is under the control of the qa-J gene. The simplest interpretation of these results appeared to be that induction of enzyme activity in the qa system is mediated by events at the transcriptional level.
Identification of qa Structural Gene mRNAs and Evidence
for Transcriptional Regulation The availability of DNAs corresponding to the cloned qa genes made it possible to identify the qa-2, qa-3, and qa-4 mRNAs and to show that synthesis of these mRNAs is regulated by the inducer and the products of the qa-1S and qa-IF genes. The mRNAs were identified by hybridizing labeled DNA grown in the absence of an inducer. These results conclusively established that expression of the qa structural genes is regulated primarily at the transcriptional level and is dependent upon the presence of the inducer (quinic acid) and the product of the qa-JF+ gene. It is also clear that the qa-JS gene is involved in their expression (29, 39) (Fig. 3) . In addition to the qa-2, qa-3, and qa4 mRNAs, two other mRNAs, designated qa-x and qa-y, were identified as being under quinic acid regulation. qa-x is encoded by a region adjacent to qa-2, while qa-y is encoded by a region between qa-3 and qa-JS. DNAs from these regions do not transform any known qa mutants. Hybridizations with strand-specific probes indicated that qa-2 and qa-3 are transcribed in opposite directions to qa-x, qa4, and qa-y, ruling out a single polycistronic precursor mRNA for the qa genes.
An unexpected feature of the qa mRNAs is that, with the exception of qa-y, each of the structural genes is represented by multiple mRNA species (up to four in the case of qa-3). The sizes of these mRNAs are given in Table 4 . Subsequent transcriptional end mapping revealed both 5' and 3' heterogeneity, the degree and magnitude of which is gene specific. The nuclease digestion analyses also revealed the presence of two small intervening sequences in qa-x (Fig. 4) .
To quantitate the degree of induction of the qa mRNAs, specific 32P-end-labeled fragments were hybridized to various polyadenylated RNAs and digested with S1 nuclease. The fragments protected were compared for the different RNAs and to known amounts of undigested fragment by densitometry of autoradiograms. qa-2 and qa-y mRNAs were induced 300-fold in the wild type on shifting from sucrose to quinic acid medium for 6 h. (In qa-2-, qa-3-, and qa4-strains unable to catabolize quinic acid, the induction reached as high as 1,500-fold.) Northern blot hybridization indicated that qa-x, qa-3, and qa4 mRNAs were subject to a similar induction (Tyler et al., unpublished data).
In the case of qa-2, qa-3, qa4, and qa-y mRNAs, the induction by an exogenous or endogenous (see above)
inducer was abolished by qa-JS and qa-JF mutations. Further, in qa-JSc strains, synthesis of these qa mRNAs occurred in the absence of an inducer. Thus, qa-JS and qa-JF appear to control jointly transcription of these four structural genes. When sucrose-grown qa JSc strains or internally induced arom-9-or arom-l-strains were shifted from sucrose to carbon-free or glycerol medium, there was only a 1.5-to 2-fold increase in the levels of the four mRNAs, indicating that catabolite repression has little direct effect on transcription of the corresponding genes. qa-x appears to be regulated differently from the other four structural genes. Although qa-JS and qa-JF mutations block induction of qa-x by exogenous inducer, in internally induced strains the presence of a qa-IF mutation reduces qa-x transcription only two-to threefold compared with the corresponding qa-lF+ strain. In contrast, qa-JS mutations completely block internal induction of qa-x. In addition, qa-x transcription is increased 5-to 10-fold by shifting qa-lSC or internally induced strains from sucrose to carbon-free medium. Thus, qa-x is controlled primarily by qa-JS (ca. 20-fold) and by catabolite repression (5-to 10-fold) with only a small (2-to 3-fold) dependence on qa-JF (Tyler et (46) . More recent experiments were performed with both qa-JF and qa-JS mutants, using a variety of cloned DNA fragments. These DNA subclones were also hybridized to polyadenylated RNA to identify mRNAs associated with the qa-J gene region. These experiments indicated that the fast-and slow-complementing regions actually constitute two distinct genes that encode distinct mRNA species transcribed in opposite directions. As indicated previously, these genes are now designated qa-lF and qa-lS (29) .
The qa-lF gene has been shown to produce two mRNA species, a major species of 2.9 kb and a minor species of 3.0 kb ( Table 3 ). The two species appear to differ only in their 5' ends (Fig. 4) . These qa-JF mRNAs are produced at a low -12 -10 -6 -6 -4 -2 0 2 4 6 8 10 12 14 16 1 20 22 24 26 28 (Patel and Giles, submitted) . That this induction is autogenous, i.e., that the qa-JF gene product (the presumptive activator protein) controls its own induced synthesis, is shown by the fact that noninducible qa-JF mutants produce the same low basal level of qa-lF mRNA found in the uninduced wild type and exhibit little or no induction. (The possibility that the qa-JF gene encodes a qa permease is excluded by the evidence that qa-JF arom-9 double mutants-which accumulate the internal inducer DHQ-do not exhibit induction of any qa mRNAs, whereas an arom-9 mutant alone does produce qa mRNAs when incubated on sucrose.)
Further evidence that the qa-JF gene is autoregulated has come from experiments with three temperature-sensitive mutants (qa-1Ps). Previous data indicated that at 25°C such mutants exhibit significant induction when transferred to quinic acid. By contrast, at 35°C the mutants behave essentially as noninducible qa-JF mutants (7) . Blot hybridization data indicate that qa-JF mRNA is present at a low basal level in cultures grown at either temperature under noninducing conditions. At 25°C there is a clear increase in qa-JF mRNA when the mutants are transferred to inducing conditions. However, at 35°C, qa-JF mRNA does not increase when the mutants are transferred to inducing conditions. These results suggest that these qa-FJs mutants are producing temperature-sensitive activator molecules which are partially active at 25°C, but inactive at 35°C.
Evidence that the transcription of qa-JF mRNA is also regulated by the qa-JS gene comes from experiments indicating that noninducible qa-JS mutants produce only low basal levels of qa-JF mRNA which is not subject to further induction in these mutants. In addition, cultures of constitutive mutants (qa-JSc) not exposed to inducer produce much higher levels of qa-JF mRNA than do uninduced wild-type cultures. Finally, a temperature-sensitive mutant (qa-lSts), which is noninducible at 25°C but constitutive at 35°C, has been shown to produce low, essentially uninduced, levels of qa-lF mRNA at 25°C, but considerably higher levels at 35°C in the absence of inducer (Patel and Giles, submitted) . Presumably, this qa-JSts mutant makes a thermolabile repressor which is almost fully active at 25°C but largely inactive at 35°C.
The qa-JS gene has also been shown to produce two mRNA species, a major species of 4.1 kb and a minor species of 3.4 kb. The two species correspond to differences at the 3' terminus. (29; Huiet, unpublished data) ( Table 4 and Fig. 4 ). There is a very low level of qa-JS mRNA in uninduced wild-type cultures (considerably lower than the basal level of qa-JF mRNA) which increases ca. 40 The identification and transcriptional regulation of the mRNAs for all seven qa genes are discussed above. This section summarizes all present evidence from transformation experiments, Northern blotting experiments, and S1 nuclease mapping on the organization of the seven genes in the qa gene cluster. In Fig. 4 , the relative positions of these genes and the major and minor mRNAs they produce are diagrammed. Also of the genes. Table 4 gives the lengths of the untranslated 5' and 3' mRNA regions for each of the seven qa genes. The diagram in Fig. 4 indicates that the two qa regulatory genes are located at one end of the cluster and are divergently transcribed from a short, common flanking region 5' to each gene. The five qa structural genes occupy the remaining region of the cluster and are all transcribed from distinct promoter regions. The pairs of genes qa-x qa-2 and qa-4 qa-3 are transcribed in divergent directions from common flanking regions 5' to each pair of genes, while ga-y alone has a single 5' flanking region. As indicated in Fig. 4 , mRNAs independent of quinic acid regulation have been detected both to the left and right of the qa cluster.
DNA Sequence of the Entire qa Gene Cluster
The nucleotide sequence of the entire qa gene cluster has been determined (1, 17, 44; Alton et al., unpublished data; Geever and Huiet, unpublished data; Huiet, Ph.D. thesis). The cluster comprises a segment of ca. 17.3 kb containing seven closely adjacent genes. Assuming that proteinencoding regions initiate at the first ATG, 60% of the qa cluster consists of coding sequence. Approximately 80% of the total sequence is detected in polyadenylated mRNAs (not including an additional fraction corresponding to minor transcripts promoted from distant 5' initiation sites), and none of these transcripts (including the minor transcripts) appears to overlap. With the exception of partial homologies to the qa-3 coding region (presumably due to sequence commonality with other dehydrogenases), no repetitive sequences have been detected within the cluster.
A summary of the data compiled from DNA sequence and mRNA analyses is presented in Table 4 . Proteins are presumed to begin at the first in-frame AUG initiation codon. These assignments for qa-2, qa-3, and qa4 are confirmed by previously determined amino acid sequence data (see above). The precise locations of the small introns in qa-x and qa-JS were determined by sequencing their mRNAs (Geever and Huiet, unpublished data).
The overall guanine plus cytosine (G+C) content of the qa cluster is 52.9%, slightly below the reported average value (54%) for the Neurospora genome (54) . The G+C distribution is highest in the coding sequences (55.3%), lowest in the 3' untranslated (45%) and intervening sequence regions (44%), and intermediate in the 5' untranslated (50.9%) and intergenic regions (49.8%). In the latter, G+C content between regions of 5' divergent transcripts is noticeably higher (49.6%) than that between 3' regions of convergent transcription (42.3%). The G+C content between qa-y and qa-JS is exceptionally high (51 to 54%, the latter including the 3' untranslated segment of the secondary transcript from qa-JS). However, there is no additional evidence to support the existence of another gene in this region (Huiet and Tyler, unpublished data) .
Particularly noteworthy is the evidence that the predicted molecular weights of the two presumptive regulatory pro-teins-the repressor (ca. 100,650) and the activator (ca. 88,960)-are both quite large. In this respect, the qa-JF activator protein resembles in size the 99,350-dalton Saccharomyces cerevisiae GAL4 activator protein (33) rather than the typically smaller activator proteins in procaryotic systems. However, the qa-JS repressor protein is twice the size of the comparable GAL80 repressor protein (48,300 daltons) (37) .
GENERAL MODEL FOR GENE REGULATION IN THE
qa GENE CLUSTER AT THE MOLECULAR LEVEL The current mnodel hypothesizes that there are two different regulatory molecules acting in the qa system: a negatively acting repressor protein produced by the qa-JS+ gene, and a positively acting activator protein produced by the qa-JF+ gene. The actions of these two molecules plus that of the inducer (quinic acid) serve to regulate the utilization of quinic acid as a carbon source by N. crassa. The model in its simplest form postulates that the qa-JS product, the repressor, controls the expression of the activator-encoding qa-JF+ gene. In the wild type (qa-JS' qa-IF') in the absence of an inducer, the repressor prevents the expression of qa-JF+, and qa gene products are produced only at low (basal) levels. The addition of an inducer releases the inhibition of qa-JF+ expression by repressor, whereupon the activator initiates its own synthesis (autoregulation), as well as the syntheses of all other qa mRNAs (transcriptional control). Surprisingly, the activator also stimulates the synthesis of repressor. Presumably, this serves as an economizing mechanism to ensure that ample repressor is present to rapidly turn off the system once inducer levels decline. (see below) show that the relative abundance of qa-2 mRNA (as well as the other qa mRNAs) does not depend on the choice of carbon source. However gene cluster, that the transformant produces a low level of C-DHQase in the absence of an inducer, and that this activity is subject to strong induction by quinic acid. S1 nuclease studies have shown that qa-JF+ mRNA from the donor DNA is being produced constitutively from a new promoter and is not subject to induction (Fig. 5 ). By contrast, qa-1F-mRNA (Fig. 5) , as well as mRNAs from the other qa genes (not shown), is subject to strong induction.
These overall results clearly indicate that the sole target of the repressor cannot be an operator site located in the sequence 5' to the initiation site of qa-J,F mRNA. The results also exclude the possibility of a single repressor target located in the first 104 bp (about one-third) of the qa-IF leader sequence, but do not exclude the possibility of a repressor target in the remaining 225 bp (about two-thirds) of the leader sequence. Experiments currently under way include constructs in which the entire 5' and leader sequences of the qa-lF+ gene will be replaced by the corresponding sequences of the constitutively expressed am gene (32) . It is anticipated that transformation experiments with these constructs should indicate whether there is a repressor target in the remaining part of the qa-lF+ leader sequence.
Additional experiments in progress are designed to consider alternative mechanisms of regulation. One clear possibility is that the target of the repressor is the activator molecule itself. Clearly, this mechanism would involve a protein-protein interaction and would thus resemble one aspect of regulation in the galactose system of the yeast S. cerevisiae (31) . Such a mechanism in the qa system would predict the possibility of obtaining constitutive mutations located within the coding region of the qa-lF gene (qa-JFc mutants). In yeasts, such constitutive mutations have been detected within the coding region of the GAL4 gene, which encodes an activator protein presumably comparable to the activator protein encoded by the qa-JF+ gene (35) . Appropriate qa strains are being constructed to search for comparable qa-JFc mutations.
Alternative interpretations concerning the target of the repressor must also be considered. For example, the possibility exists that the repressor may interact with operator ha probe containing However, it appears possible that the presence of this sets of transcripts second rather drastic amino acid change (proline to leucine) the recipient corremay produce a repressor which is partially inactive at both initiation (Table 4) . 25 (Geever, unpublished data) has shown that six rearrangements are consistent with a simple two-point breakage and joining event (reciprocal).
Mutation 158-108 is complex involving at least a three-point breakage and joining (nonreciprocal).
bly an N-terminal sequence) of both the repressor and activator molecules is involved in targeting these proteins into the nucleus (25, 47) .
MECHANISMS OF qa ACTIVATOR ACTION
Evidence from qa-2ai and qa-1F' Mutants. Evidence derived from the study of two different types of mutants, qa-2 activator-independent (qa-2ai) and qa-JF temperature-sensitive (qa-JPs) mutants, has enabled a distinction to be made between two requirements for qa-JFmediated qa gene transcription.
The qa-2al mutants were selected after ultraviolet irradiation of qa-2+ qa-JF-arom-9-double mutants as revertants now able to grow on minimal medium without the added aromatic supplements which the parental strain requires. Such revertants can grow on minimal medium because the partially restored C-DHQase activity encoded by the qa-2+ gene can substitute for the B-DHQase activity encoded by the arom-9 gene. Several qa-2ai mutants have been cloned and sequenced ( To examine how the activator protein directs the transcription of the qa structural genes, we mapped the transcription initiation regions of these genes in the induced wild type, in a set of qa-2al mutants, and in three qa-JIs mutants (Fig. 6) . Whereas in the induced wild type transcription of the qa structural genes is initiated from two to four distinct regions (for the purpose of this discussion, we assume that each region of transcription initiation corresponds to a specific promoter region), in qa-2aI qa-JF and qa-FJs mutants only a certain subset of these promoters (designated Type II promoters) is activated by the mutations. The activation of these promoters is independent of the orientations, positions, and precise separations of the mutations with respect to the promoters, suggesting that the qa-2aI point mutations and short duplications have created enhancer-like elements in the -200 to -88 region 5' to qa-2. The subset of nonactivated promoters (type I), presumably requiring direct qa-JF+ protein binding, is most notably evident in qa-JFts mutants, which are selectively deficient in the activation of these promoters. Individual qa structural genes can have type I promoters, type II promoters, or both. However, in the wild type, the qa-JF+ activator protein is required for transcription initiation at both type I and type II promoters (50) .
Recent genetic experiments have succeeded by gene conversion (Case et al., unpublished data), in replacing the qa-JF-gene with a qa-JF+ gene in one of the original qa-2ai mutants (158-33). In this new qa-2a' qa-JF+ strain (mutant 158-33-10), qa-2 transcripts are now initiated primarily from the -45 region (type II promoter) in the absence of an inducer. However, when an inducer is added, transcription initiation occurs primarily from the +1 region (type I promoter) at a level essentially equal to that of the induced wild type. This change in promoter usage strongly supports the prior evidence for two types of qa promoters each having hypersensitive sites of qa-x and qa-2 chromatin have been studied in the greatest detail, and both trans-acting (e.g., qa-lF-) and cis-acting (qa-2ai) regulatory mutations have been examined for their effect(s) on these sites (4; Baum and Giles, unpublished data). Although uninduced wild-type chromatin contains hypersensitive sites in the commoni 5' flanking region of qa-x and qa-2, additional sites can be detected upon induction. These changes in DNase I sensitivity appear to depend on the presence of qa-JF+. Also of importance is the observation that, in the wild type, induction is accompanied by increased DNase I cleavage in the -200 to -88 region of qa-2. Furthermore, qa-1F-mutants lack DNase I-hypersensitive sites located near positions -300 and -475 5' to qa-x and near position -155 5' to qa-2 and exhibit reduced DNase I cleavage near position -430 5' to qa-2 (Fig. 7) . The effect of qa-JF-on qa-x and qa-2 chromatin structure suggests that there may Table 5 sitive sites in the 5' flanking region of qa-2, suggesting that qa-2 transcription may normally depend on the existence of certain hypersensitive sites.
Possible Upstream Activator Sequence Interestingly, a computer search of the DNA sequences in the qa cluster has revealed an apparently conserved sequence that is present, with slight variations, one or more times 5' to each qa gene. The derived 16-nucleotide consensus sequence GGATAANNNNTTATCC exhibits dyad symmetry extending for 6 nucleotides. Furthermore, this sequence is closely associated with certain inducible hypersensitive sites. For example, one sequence is located adjacent to the region 5' to qa-2 (beginning at -120) which becomes hypersensitive to DNase I digestion in the presence of qa-JF+. Transformation experiments designed to restore the qa-JF+ gene into various qa-2aI qa-1F-rearrangement mutants (Fig. 8) provide the opportunity to establish the significant region for transcriptional activation. Preliminary results obtained from transformants having inducible qa-3+ activity show that qa-lF+ transformants of qa-2ai mutants 158-48, 158-41, and, at least partially, 158-108 exhibit constitutive qa-2+ activity that is subject to additional levels of induction by quinic acid. Transformants of 158-110 and 158-21 show constitutive qa-2 activity that is not subject to further induction (Geever and Murayama, unpublished data). These results are consistent with the interpretation that the region near -120 is required for transcriptional activation of qa-2.
Only one such presumptive activator-binding sequence, also associated with hypersensitive sites, exists in the 380-bp common 5' flanking region of qa-IF and qa-JS, raising the possibility that activation of these genes proceeds bidirectionally from a single controlling sequence. A dual control over qa-lF and qa-JS transcription would be consistent with the observation that these two genes exhibit comparable levels of induction (ca. 50-fold) under activator control (29, 39) . The ability of this sequence to confer inducibility upon qa-JF+ is currently under investigation. A comparable upstream activator sequence has recently been established as the binding site for the GAL4 activator in S. cerevisiae (24) .
N. CRASSA HOMOLOGOUS IN VITRO
TRANSCRIPTION SYSTEMS A complete dissection at the molecular level of gene regulation in the qa cluster will eventually require a homologous in vitro transcription system in which polymerase II faithfully transcribes cloned qa genes. Such a system must be capable of reproducing the in vivo transcription of these genes as has been accomplished so successfully in procaryotic in vitro transcription systems. Consequently, studies have been undertaken to develop such a system for N. crassa. Initial experiments demonstrate that it is possible to develop homologous in vitro transcription systems for both polymerase III (51) and polymerase I (Tyler and Giles, submitted for publication). Of most interest for an understanding of qa gene regulation is the recent development of a homologous in vitro transcription system for polymerase II (Tyler and Giles, Proc. Natl. Acad. Sci. USA, in press). This system accurately initiates transcription of three constitutively expressed N. crassa protein-encoding genes: the am gene, which encodes glutamate dehydrogenase (32) , and the two genes which encode histones H3 and H4 (56) . This transcription is sensitive to 1 mg of a-amanitin per ml. The 5' heterogeneity of the in vitro am and histone H3 transcripts closely matches that of the corresponding in vivo mRNAs, indicating that the in vitro initiation reaction is highly specific.
When this polymerase II in vitro transcription system was tested with each of the seven qa genes, only 1 of the 17 VOL. 49, 1985 on October 25, 2017 by guest http://mmbr.asm.org/ Downloaded from previously identified inducible mRNA initiation sites in the qa gene cluster was utilized by the extracts. This was a minor (type II) qa-3 initiation site (at -390) (50) . Synthesis of the transcripts was inhibited by ot-amanitin but not by rifampin, and transcription proceeded through a T5 RNA polymerase III termination signal in a 'FX174 fragment inserted into the template. These results indicate that transcription was due to RNA polymerase II. The 5' heterogeneity of the in vitro qa-3 transcripts was similar to that of the corresponding in vivo transcripts, although the major initiation nucleotide in vivo is poorly utilized in vitro. It is not yet clear why transcripts were initiated in vitro at only a single site within the qa gene cluster. Further refinement of this crude in vitro system should provide a basis for determining in more detail the proteins and DNA sequences required for transcription from the different qa gene initiation sites, as well as for transcription of strongly expressed constitutive genes like am and the histone genes.
It is hoped that experiments currently under way, in which the two qa regulatory genes are being inserted into expression vectors, will ultimately permit the isolation and characterization of the repressor and activator molecules. The availability of significant amounts of these two proteins for use in the RNA polymerase II in vitro transcription system will clearly be essential for a complete characterization of gene regulation at the molecular level in the qa system.
SUMMARY
The first three sections of this review summarize the initial genetic and biochemical studies which led to the detection and analysis of the qa gene cluster in N. crassa. This gene cluster encodes the inducible enzymes and regulatory proteins which enable this organism to utilize quinic acid as the sole carbon source.
The remainder of the review discusses the initial molecular analysis of the qa cluster, which became possible with the cloning of the entire cluster of an E. coli plasmid, and also describes the present status of our continuing molecular studies of this system.
The quinic acid gene cluster (qa) of N. crassa, which controls the inducible utilization of quinic acid as a carbon source, was cloned on a 17.3-kb segment of linkage group VII. Combined transformation and transcription experiments indicate that this cluster comprises seven genes. The experiments established the relative locations of the seven genes and identified the principal mRNAs which each gene produces. Three of the genes (qa-2, qa-3, and qa4) encode inducible qa enzymes, while two other presumptive structural genes (qa-x and qa-y) have unknown functions. Genetic and molecular evidence has identified two regulatory genes located at one end of the qa cluster which encode, respectively, a repressor protein (qa-JS) and an activator protein (qa-JF). Two types of mutations occur in the qa-JS gene: noninducible, semidominant mutations (qa-1S-) which apparently produce superrepressors; and constitutive, recessive mutations (qa-JSc), which apparently produce inactive repressors. In the qa-JF gene, only noninducible, recessive mutations (qa-JF-) have been detected, which apparently produce inactive activators. In both genes, temperaturesensitive alleles exist which apparently produce thermolabile repressors (qa-JSts) or activators (qa-lFJs). Transcriptional evidence from qa regulatory mutants suggests that the qa-lF+ gene acts positively in controlling transcription of itself (autogenous regulation) and of the other qa genes.
The entire qa cluster sequence was determined, and open reading frames were identified for each of the seven gene products. The two regulatory genes encode proteins of ca. 100,650 (repressor) and ca. 88,960 (activator) daltons. S1 nuclease mapping data have identified major mRNA initiation sites and the direction of transcription for each gene. Three pairs of genes are transcribed divergently from common 5' flanking regions (qa-JF qa-lS, qa-3 qa4, and qa-2 qa-x).
The current model for regulation in the qa system hypothesizes that the actions of the two regulatory molecules, plus that of the inducer quinic acid, serve to regulate the utilization of quinic acid as a carbon source by N. crassa. The model in its simplest form postulates that the qa-IS product, the repressor, controls the expression of the activatorencoding qa-JF+ gene. In the wild type (qa-lS+ qa-lF+) in the absence of an inducer, the repressor prevents the expression of qa-JF+, and qa gene products are produced only at low (basal) levels. The addition of an inducer releases the inhibition of qa-JF+ expression by the repressor, whereupon the activator initiates its own synthesis (autoregulation), as well as the syntheses of all other qa mRNAs (transcriptional control). Surprisingly, the activator also stimulates the synthesis of the repressor. Presumably, this serves as an economizing mechanism to ensure that ample repressor is present to rapidly turn off the system once inducer levels decline.
Possible mechanisms of repressor action have been investigated in two types of studies. In the first study, data obtained in transformation experiments utilizing truncated qa-JF+ donor DNA lacking all 5' untranscribed, presumptive regulatory sequences eliminated an operator site 5' to the + 1 mRNA initiation site for the qa-lF+ gene as the sole target for the repressor (as had been suggested previously) and raised the possibility (but did not yet establish) that regulation in the qa system involves, in part, interactions between the two regulatory proteins. In the other study, two cloned and sequenced qa-JS-mutants were shown to contain missense mutations in the C terminus of the qa-JS coding region, presumably implicating the C-terminal region of the repressor in inducer binding. Current sequencing studies with qa-JSc mutants induced in the wild type should indicate whether these mutations define a second, possibly N-terminal, repressor domain involved in binding the target of the repressor.
Possible mechanisms of activator action have been investigated in two general categories of studies. The first category involves experiments with several qa-2 activator-independent mutants (qa-2ai) and three temperaturesensitive activator mutants (qa-JFis). Based on DNA sequence data, the qa-2al mutants possess one of a variety of mutations consisting of short duplications, large DNA rearrangements, and point mutations all in the 5' untranscribed region of qa-2. Several of these mutations have been shown to exhibit certain characteristics associated with enhancer elements. These studies have distinguished two types of requirements for transcription initiation of the qa genes: one type apparently requires RNA polymerase II access, while the other type apparently requires direct binding of activator. Furthermore, studies of DNase I-hypersensitive sites showed that the qa-JF+ genotype is directly associated with changes in chromatin structure in the upstream region of qa-2. The second category of studies involved investigations of a possible qa upstream activator sequence functioning in activator binding. A possible sequence was initially detected in a computer search of the DNA sequences in the qa cluster. This apparently conserved sequence is present, with slight variations, one or more times 5' to each qa gene. The derived 16-nucleotide consensus sequence GGATAANNN-NTTATCC exhibits dyad symmetry extending for 6 nucleotides. Preliminary data with qa-2a' qa-lF+ mutations having breakpoints progressively closer to the qa-2 +1 mRNA initiation site indicate that mutations retaining the upstream activator sequence 5' to qa-2 are inducible, while those from which the sequence has been deleted are noninducible. Only one upstream activator sequence exists in the 380-bp common 5' flanking region of the qa-JS and qa-JF genes, suggesting that activation of these two divergently transcribed regulatory genes proceeds bidirectionally from a single activator-binding sequence.
The recent development of a homologous in vitro transcription system for N. crassa polymerase II should aid substantially in the further dissection of regulation in the qa system at the molecular level, especially if current efforts to obtain significant production of the two regulatory proteins in expression vectors are successful.
